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Abstract
A general analysis of polarization phenomena for coherent meson electropro-
duction on deuterons, e + d → e + d + P 0, where P 0 is a pseudoscalar π0
or η-meson, is presented. The spin structure of the electromagnetic current
for P 0-production at threshold is parametrized in terms of specific (inelas-
tic) threshold electromagnetic form factors which depend on the momentum
transfer squared and the effective mass of the produced hadronic system. We
give expressions for the structure functions of the reaction e+ ~d→ e+ d+P 0
(where the deuteron target is polarized) in terms of these threshold form fac-
tors. The spin and isospin structures of the γ∗+d→ d+P 0 amplitudes (where
γ∗ is a virtual photon) is established in the framework of the impulse approx-
imation and relationships between meson electroproduction on deuterons and
on nucleons are given. The reaction of π0 electroproduction on deuterons
is investigated in detail both at threshold and in the region of ∆-isobar ex-
citation, using the effective Lagrangian approach for the calculation of the
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amplitudes of the elementary process γ∗ + N → N + π. Special attention
is devoted to the analysis of all standard contributions to the exclusive cross
section for d(e, eπ0)d, which are functions of the momentum transfer square,
k2, of the excitation energy of the produced hadrons and of the pion produc-
tion angle, in a region of relatively large momentum transfer. The sensitivity
of these contributions to different parametrizations of the γ∗πω form factor
as well as to the choice of NN−potential is discussed.
Typeset using REVTEX
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I. INTRODUCTION
The reaction γ + d → d + P 0, where P 0 is a neutral pseudoscalar meson (π0 or η), is
the simplest coherent meson production process in γd-collisions. The presence of a deuteron
with zero isospin in the initial and final states leads to a specific isotopic structure for the
corresponding amplitudes. Moreover, although the spin structure may be, in general, fairly
complex, it is essentially simplified in the near theshold region making the γ+N → N +P 0
(where N denotes a nucleon) and γ+ d→ d+P 0 reactions especially interesting for hadron
electrodynamics studies.
The γ + d→ d+ π0 reaction is important to test the predictions of low energy theorems
(LET) for threshold γ+N → N+π0 amplitudes. Multipole analyses of older γ+p→ p+π0
data [1,2] were in serious discrepancy with the predictions of LET [3,4]. Recent data [5,6]
obtained with tagged photons, combined with new theoretical developments [7] have brought
experiment and theory into agreement. These calculations show that the amplitudes for the
γ +N → N + π0 reaction near threshold have a complex isotopic structure. Calculations of
the electric dipole E0+ threshold amplitudes for γ+N → N +π processes in the framework
of the dispersion relation method [8] confirm this observation. Therefore the knowledge of
the γ + n→ n + π0 reaction amplitude is very important and the γ + d → d + π0 reaction
appears the most suitable for that purpose. However the extraction of the γ + n→ n + π0
amplitude from γd experimental data [9] requires a careful study of possible rescattering
effects [10–12].
Pion-electropoduction e+ d→ e+ d+ π0 is even richer since it involves longitudinal as
well as transverse photons. Experimental information about this process has been missing
for a long time, but such an experiment can be performed at MAMI [13] or at Jefferson
Lab. In this case, with the experimental set-up which has been used to measure the tensor
deuteron polarization in elastic ed-scattering [14], a sample of π0-electroproduction data
were obtained during dedicated runs, [15] at relatively large momentum transfer square
(≃ 1.1÷ 1.6 (GeV/c)2) in the threshold and in the ∆-region.
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The e+d→ e+d+π0 reaction allows to ”scan” the isospin structure in the full resonance
region and to separate isovector from isoscalar contributions. Moreover, experiments using
a polarized deuteron target yield a different information compared to measurements of the
polarization of the final deuteron.
Another interesting problem of near threshold meson photoproduction on deuterons con-
cerns the isotopic structure of the γ + N → S11(1535) transition. The results of different
multipole analyses of the γ+N → N +π reactions have shown that the γ+N → S11(1535)
transition is essentially isovector [16–19], in agreement with predictions of quark models
[20–24]. Existing γ+ p→ p+ η experimental data [25] in the near threshold region indicate
that the S11(1535) excitation is the main mechanism. On the other hand, the amplitude
for γ + d → d + η in the near threshold region has to be isoscalar and, therefore, small in
contradiction with earlier data [26] which showed a large cross section. Recent d(γ, η) X
data [27] have given an explanation by showing that this reaction is essentially inelastic.
The near-threshold region for γ + d→ d + η is linked with the physics of the n+p→ d+η
reaction because both processes are connected via the unitarity condition. The cross section
for n + p → d + η, which was first measured at Saturne [28], was found to be very large :
σ(np → dη) = (100 ± 20) µb. A recent experiment at CELSIUS [29] has confirmed these
data and has shown a steep decrease down to σ ≃ 40 µb up to qCM = 20 MeV, where
qCM is the final kinetic energy in the reaction center of mass system (CMS). The shape
of the energy dependence is reproduced by calculations taking into account the N∗(1535)
resonance [30,31] but more exotic explanations are not ruled out :
- the existence [32] of an isoscalar dibaryon resonance with zero isotopic spin and a small
width, Γ ≃ 7 MeV , or
- the existence [33] of a quasi-bound ηd-state (due to the strong ηN interaction), or
- the possible presence of a nonperturbative ss-component in the nucleon which could allow
a strong η-production from spin singlet np initial states [34].
4
The study of the processes γ + d→ n+ p+ η, e+ d→ e+ d+ η and e+ d→ e+ n+ p+ η
with particular emphasis on polarization observables, would help to identify the correct
interpretation.
We derive here a general analysis for pseudoscalar meson electroproduction on deuterons,
based on general symmetry properties of the hadron electromagnetic interaction. A similar
analysis limited to pion photoproduction on deuterons has been published [35–37]. Such
a general analysis has to be considered as the first necessary step in the theoretical study
of this process and is no substitute for dynamical model calculations [38,39]. An adequate
dynamical approach to pion electroproduction has to take into account all previous theo-
retical findings related to other electromagnetic processes on deuteron, such as elastic ed
scattering [40], π0-photoproduction, γ + d→ d+ π0 [41], and deuteron photodisintegration
γ + d → n + p [42]. Similarly to these processes, the reaction e + d → e + d + π0 will
face two main problems: the study of the deuteron structure and of the reaction mecha-
nism, on one side, and the determination of the neutron elementary amplitude (π0-meson
electroproduction on neutron, e− + n→ e− + n + π0), on another side.
Elastic ed-scattering, being the simplest process to access the deuteron structure, has
been considered, for large momentum transfers, a good case to test different predictions of
perturbative QCD, such as the scaling behavior of the deuteron electromagnetic form factors
[43] and the hypothesis of helicity conservation [44]. The analysis of the scaling behavior
should help in defining the kinematical region of the transition regime from the meson-
nucleon degrees of freedom to the quark-gluon description of the deuteron structure. In this
respect coherent π0-electroproduction of the deuteron opens new possibilities to study the
scaling phenomena in different regions due to the more flexible kinematical conditions: it
unifies the kinematics of elastic ed-scattering, with its single dynamical variable (the mo-
mentum transfer square, k2) and the process of π0-photoproduction, with two independent
dynamical variables (the total energy s and the momentum transfer t from the initial to the
final deuteron). As a result, three kinematical variables drive the process e+d→ e+d+π0.
Different mechanisms have a leading role in different kinematical regions. In order to in-
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terpret the first experimental data for e + d → e + d + π0, with small excitation energy of
the produced dπ0-system (up to the ∆-resonance region) but at relatively large momentum
transfer, k2, the starting point of the theoretical analysis is naturally the impulse approxima-
tion (IA). Similarly to previous calculations of elastic ed- scattering and π0-photoproduction
processes, as a further step, contributions of meson exchange currents (MEC) [45] have to
be evaluated in the resonance region, while rescattering effects [10–12] have to be taken into
account in the near threshold region. Large disagreements exist, up to now, in a quantitative
evaluation of these effects.
The present paper is organized as follows:
a) we first establish the spin structure of the matrix element for the γ∗ + d → d + P 0
reaction and give a formalism for the description of polarization observables. The depen-
dence of the ~d(e, e′P 0)d differential cross section on the polarization characteristics of the
deuteron target is derived in a general form, using a formalism of structure functions (SF),
which is particularly adequate to describe, in the one-photon approximation, the polariza-
tion properties for any e+A→ e+ h+A′ process (where A is any nucleus and h is a single
hadron or hadronic system). These structure functions are further expressed in terms of the
scalar amplitudes which parametrize the spin structure of the corresponding electromagnetic
current for the process γ∗ + d→ d+ P 0.
b) we study the isospin structure of these reactions,
c) using the IA , we give relations between the scalar amplitudes, describing the γ∗+d→
d+ P 0 and the γ∗ +N → N + P 0 reactions,
d) we then examine the special kinematical conditions corresponding to threshold pro-
duction,
e) finally, we calculate some observables for e+d→ e+d+π0 in the framework of the IA
in order to study its sensitivity to the isotopic structure of the γ∗ +N → N + π0 processes
near threshold and in the region of ∆ excitation, at relatively large −k2.
The present analysis has been extended to the electroproduction of a ”scalar” deuteron
(i.e. np pair with JP = 0+) together with a pseudoscalar meson which would be much more
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difficult to investigate experimentally . The results are available on request to the authors.
II. GENERAL FORMALISM FOR THE DESCRIPTION OF e+ d→ e+ d + P 0
PROCESSES
A. Derivation of the cross section
The general structure of the differential cross section for the e+ d→ e+ d +P 0 reaction
can be established in the framework of the one-photon mechanism (Fig. 1) by using only
the most general symmetry properties of the hadronic electromagnetic interaction, such
as gauge invariance (the conservation of hadronic and leptonic electromagnetic currents)
and invariance upon mirror symmetry (parity invariance of the strong and electromagnetic
interactions or, in short, P -invariance). The details of the reaction mechanism and the
deuteron structure do not contribute at this step.
The transition matrix element can be written:
M(⌉⌈ → ⌉⌈P) = e
2
k2
u(k2)γµu(k1)
〈
dP
∣∣∣Jˆµ∣∣∣ d〉 ≡ e2
k2
ℓµJµ, (1)
ℓµ ≡ u(k2)γµu(k1),Jµ ≡
〈
⌈P
∣∣∣ ∧Jµ∣∣∣ ⌈〉 ,
where the notations of the particle four-momenta are explained in Fig. 1 and Jµ is the
electromagnetic current for the transition γ∗ + d → d + P 0. Using the conservation of
leptonic and hadronic currents, (k · J = ‖ · ℓ = ′) one can rewrite the matrix element in
terms of space-like components of currents only :
M = ⌉
∈
‖∈
~⌉ · ~J ,~⌉ ≡ ~ℓ − ~‖
~‖ · ~ℓ
‖′∈
,
where k = (k0, ~k), k0 is the energy, ~k is the three-momentum of the virtual photon in the
CMS of γ∗+d→ d+P 0. All observables will be determined by bilinear combinations of the
components of the hadronic current ~J : Hab = J⊣J ∗⌊ . As a result, we obtain the following
formula for the exclusive differential cross section in terms of the tensor components Hab:
d3σ
dE2dΩedΩp
=
α2
64π3
E2
E1
|~q|
M
√
s
1
1− κ
X
(−k2) ,
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X = Hxx +Hyy + κ cos 2ϕ (Hxx −Hyy)− 2κ k
2
k0
2Hzz
−
√
2κ(1 + κ)
(−k2)
k0
2 [cosϕ (Hxz +Hzx)− sinϕ (Hyz +Hzy)] (2)
+κ sin 2ϕ (Hxy +Hyx)− λ
√
1− κ[√1 + κ (Hxy −Hyx)−
√
2κ
(−k2)
k0
2
(sinϕ(Hxz −Hzx)− cosϕ(Hyz −Hzy)],
where κ−1 = 1 − 2~k2Ltg2
θe
2
/k2 is the polarization of the virtual photon. Here E1(E2) is the
energy of the initial (final) electron in the lab system; θe is the electron scattering angle in
the lab; dΩe is the solid angle of the scattered electron in the lab system ; dΩp and ~q are
respectively the solid angle and three-momentum of the produced P 0-meson in the CMS;
M is the target mass; ~kL is the photon three-momentum in the lab system; λ = ± 1 for
the two possible initial electron helicities; ϕ is the azimuthal angle of the scattered electron
with respect to the plane of the reaction γ∗ + d → d + P 0. The coordinate system is such
that the z-axis is along ~k and the xz plane is defined by ~k and ~q.
The tensor structure of Hab = J⊣J ∗⌊ (where the line denotes the sum over the final
deuteron polarizations) can be written in the following form:
Hab = H
(0)
ab +H
(1)
ab +H
(2)
ab , (3)
where the indexes (0), (1) and (2) correspond to unpolarized, vector and tensor polarized
initial deuterons, respectively. The first term H
(0)
ab can be parametrized as:
H
(0)
ab = mˆamˆbh1 + nˆanˆbh2 + kˆakˆbh3 +
{
mˆ, kˆ
}
ab
h4 + i
[
mˆ, kˆ
]
ab
h5, (4)
with
{
mˆ, kˆ
}
ab
= mˆakˆb+mˆbkˆa,
[
mˆ, kˆ
]
ab
= mˆakˆb−mˆbkˆa. Here h1 - h5 are the real SF’s, which
depend on k2, s and t, ~ˆn = ~k× ~q/
∣∣∣~k × ~q∣∣∣, ~ˆm = ~ˆn× ~ˆk, ~ˆk = ~k/|~k|. The SF’s h1 - h4 determine
the cross section for the reaction e+d→ e+d+P 0 with unpolarized particles. The SF h5 (the
so-called “fifth” structure function) determines the asymmetry of longitudinally polarized
electrons scattered by an unpolarized target. This T -odd contribution is determined by the
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product of longitudinal and transverse components of the hadron electromagnetic current
and it is nonzero only for noncoplanar kinematics, ϕ 6= 0. This contribution is very sensitive
to the details of the final state interaction.
The tensorH
(1)
ab is linear in the pseudovector
~S (vector polarization of the initial deuteron)
and can be written in the following general form:
H
(1)
ab = ~ˆm · ~S({mˆ, nˆ}abh6 + {kˆ, nˆ}abh7 + i[mˆ, nˆ]abh8 + i[kˆ, nˆ]abh9)
+~ˆn · ~S(mˆamˆbh10 + nˆanˆbh11 + kˆakˆbh12 + {mˆ, kˆ}abh13 + i[mˆ, kˆ]abh14)
+ ~ˆk · ~S({mˆ, nˆ}abh15 + {kˆ, nˆ}abh16 + i[mˆ, nˆ]abh17 + i[kˆ, nˆ]abh18). (5)
So, 13 real SF’s h6 - h18 describe the effects of the vector target polarization for the exclusive
cross section in the one-photon approximation. The symmetric (antisymmetric) part of H
(1)
ab
determines the scattering of unpolarized (polarized) electrons by a vector-polarized target.
In particular, it is the symmetric part of H
(1)
ab , which induces T -odd asymmetries in the
~d(e, e
′
P 0)d reaction.
The integration of the tensor H
(1)
ab over dΩp can be done in the following way, typical for
inclusive polarized electron-hadron collisions 1:
∫
H
(1)
ab dΩp = iεabcScw3 + iεabckˆc
~S · ~ˆkw4 +
(
kˆa
[
~ˆk × ~S
]
b
+ kˆb
[
~ˆk × ~S
]
a
)
w5.
For the inclusive structure functions w3 - w5 one obtains the following expressions in terms
of integrals of the linear combinations of SF’s hi:
w3 =
∫
(−h9 − h14 + h17)dΩp,
w3 + w4 =
∫
h17dΩp, (6)
w5 =
∫
(h7 − h13)dΩp,
1Note, that for an unpolarized deuteron target the following formula holds:
∫
H
(0)
ab dΩp = δabw1 +
kˆakˆbw2.
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i. e. most of the exclusive SF
′
s h6 - h18 do not contribute to the inclusive SF
′
s w3 - w5.
Finally, for the tensor H
(2)
ab , characterizing the effects of the tensor target polarization,
it is possible to write the following general expression :
H
(2)
ab = (Qcdmˆcmˆd)(mˆamˆbh19 + nˆanˆbh20 + kˆakˆbh21 + {mˆ, kˆ}abh22 + i[mˆ, kˆ]abh23)
+(Qcdnˆcnˆd)(mˆamˆbh24 + nˆanˆbh25 + kˆakˆbh26 + {mˆ, kˆ}abh27 + i[mˆ, kˆ]abh28)
+(Qcdmˆckˆd)(mˆamˆbh29 + nˆanˆbh30 + kˆakˆbh31 + {mˆ, kˆ}abh32 + i[mˆ, kˆ]abh33) (7)
+(Qcdmˆcnˆd)({mˆ, nˆ}abh34 + {kˆ, nˆ}abh35 + i[mˆ, nˆ]abh36 + i[kˆ, nˆ]abh37)
+(Qcdkˆcnˆd)({mˆ, nˆ}abh38 + {kˆ, nˆ}abh39 + i[mˆ, nˆ]abh40 + i[kˆ, nˆ]abh41),
where Qij is a tensor polarization component of the deuteron target, Qii = 0, Qij = Qji, so
the density matrix for the initial deuteron can be written as follows:
D1aD
∗
1b =
1
3
(
δab − 3
2
iεabcSc −Qab
)
. (8)
Therefore, for exclusive reactions like A(e, e)A′h, in the framework of the one-photon
mechanism, the effects of the target tensor polarization are characterized by a set of 23 real
SF’s, h19 - h41. However the result of the integration of this tensor over the angle dΩp of the
P 0-meson reduces its dependence to 5 real structure functions only :
∫
H
(2
abdΩp =
(
Qcdkˆckˆd
) [
w6
(
δab − kˆakˆb
)
+ w7kˆakˆb
]
+Qabw8 +
(
Qakˆb +Qbkˆa
)
w9 + i
(
Qakˆb −Qbkˆa
)
w10, Qa = Qabkˆb.
In summary, the exclusive differential cross section for unpolarized electron scattering
in e− + d → e− + d + P is determined by a set of 28 (40 + 81 + 162 = 28) SF’s, where
the indexes 0, 1 and 2 correspond to unpolarized target (0), target with vector (1) and
tensor (2) polarizations. For longitudinally polarized electron scattering there are additional
10+51+72 = 13 SF’s. These 41 SF’s can be divided alternatively into 5 - describing electron
scattering by an unpolarized deuteron target, 13 - describing the effect of the vector deuteron
polarization and 23 - depending on the tensor deuteron polarization. Taking into account
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the T-invariance of the electromagnetic interaction of hadrons, we can classify the set of 41
SF’s in 10 + 81 + 72 = 16 T-odd structures and 40 + 51 + 162 = 25 T-even SF, as illustrated
in Table 1.
For inclusive hadron electro-production, the number of SF’s reduces to two (w1−w2) for
the unpolarized case, three (w3 − w5), describing deuteron vector polarization effects and
five (w6 − w10), depending on the tensor polarization.
This analysis takes into account the eventual vector and tensor polarizations of the
target but not the polarization of the produced particles since a summation over the final
polarization states has been done. It can be easily generalized to any other polarization
observables such as the recoil deuteron polarization or the spin correlation coefficients.
B. Amplitude analysis
The next step in this analysis, is to establish the spin structure of the matrix element
for the γ∗ + d→ d+ P 0 reaction without any constraint on the kinematical conditions.
This spin structure of the amplitude can be parametrized by different (and equivalent)
methods, but for the analysis of polarization phenomena the choice of transverse amplitudes
is sometimes preferable. Taking into account the P -invariance of the electromagnetic inter-
action of hadrons, the dependence of the amplitude of γ∗+d→ d+P 0 on the γ∗ polarization
and polarization three-vectors ~D1 and ~D2 of the initial and final deuterons is given by:
F (γ∗d→ dP 0) = ~e · ~ˆm(g1 ~ˆm · ~D1~ˆn · ~D∗2 + g2~ˆk · ~D1~ˆn · ~D∗2 + g3~ˆn · ~D1 ~ˆm · ~D∗2 + g4~ˆn · ~D1~ˆk · ~D2
∗
)
+~e · ~ˆn(g5 ~ˆm · ~D1 ~ˆm · ~D∗2 + g6~ˆn · ~D1~ˆn · ~D∗2 + g7~ˆk · ~D1~ˆk · ~D∗2 + g8 ~ˆm · ~D1~ˆk · ~D∗2 + g9~ˆk · ~D1 ~ˆm · ~D∗2)
+ ~e · ~ˆk(g10 ~ˆm · ~D1~ˆn · ~D∗2 + g11~ˆk · ~D1~ˆn · ~D∗2 + g12~ˆn · ~D1 ~ˆm · ~D∗2 + g13~ˆn · ~D1~ˆk · ~D∗2), (9)
The process γ∗ + d → d + P 0 is described in the general case, by a set of 9 amplitudes
for the absorption of a virtual photon with transverse polarization and 4 amplitudes for the
absorption of a virtual photon with longitudinal polarization. These numbers are dictated
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by the values of the spins of the particles and by the P-invariance of hadron electrodynamics.
Taking into account the possible helicities for γ∗ and deuterons ( in the initial and final states)
one can find 3 (γ∗) × 3 (initial deuteron) × 3 (final deuteron) = 27 different transitions
in γ∗ + d → d + P 0 and 27 corresponding helicity amplitudes fλγ ;λ1;λ2, where λi are the
corresponding helicities. Not all these amplitudes are independent, due to the following
relations: f−λγ ;−λ1;−λ2 = −(−1)λγ−λ1−λ2fλγ ;λ1;λ2, which result from the P-invariance. It
is then possible to find that f00,0 = 0 and that it remains only 13 independent complex
amplitudes. Therefore the complete experiment requires, at least, the measurement of 25
observables. Let us mention in this respect specific properties of polarization phenomena
for inelastic electron-hadron scattering: in exclusive e+d→ e+d+P 0 processes the virtual
photon has a nonzero linear polarization, even for the scattering of unpolarized electrons
by an unpolarized deuteron target. Therefore, the study of the ϕ- and κ-dependences of
the d(e, eP 0)d differential cross section - at a fixed values of the dynamical variables s, t
and k2 - allows, in principle, to find not a single, but 4 different quadratic combinations of
scalar amplitudes simultaneously: h1, h2, h3 and h4. The relationships between the structure
functions hi, i = 1− 41, and the amplitudes gk, k = 1− 13, are given in the Appendix.
III. THE γ∗ + d→ d+ P 0 REACTION AT THRESHOLD
A. Derivation of the cross section
The threshold region is defined here as the γ∗ energy region in which P 0-meson production
occurs in a S-state. This region may be wide as it happens in γ+N → N +η or very narrow
as in γ + p→ p+ π0. This region starts from s = (M +mP )2, where mP is the mass of the
produced pseudoscalar meson, but the momentum transfer squared k2 can take any value
in the space-like region (k2 ≤ 0).
For threshold P 0-meson production only one three-momentum, ~k, is present (instead of
two: ~k and ~q, in the general case) and the full kinematics of the produced hadronic system
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is fixed by the kinematical conditions of the scattered electron only, similarly to elastic ed-
scattering. For S-wave production any angular dependence in γ∗ + d → d + π0 disappears
and the corresponding integration can be done trivially :
∫
X(t)dΩp = 4πX
(t). Setting ϕ = 0
means that for inclusive electron scattering, the xz plane is related to the electron scattering
plane. The inclusive cross section is obtained by integrating the differential cross section
(2):
d2σ
dE2dΩe
=
α2
16π2
E2
E1
|~q|
M
√
s
1
1− κ
X(t)
(−k2) ,
X(t) = H(t)xx +H
(t)
yy + κ
(
H(t)xx −H(t)yy
)
− 2κ k
2
k0
2H
(t)
zz −
√
2κ (1 + κ)
(−k2)
k0
2
(
H(t)xz +H
(t)
zx
)
− λ√1− κ

√1 + κ (H(t)xy −H(t)yx )+
√
2κ
(−k2)
k0
2
(
H(t)yz −H(t)zy
) , (10)
where the superscript (t) stands for threshold.
The hadronic tensor H
(t)
ab , for the case of polarized deuteron target, can be written as :
H
(t)
ab =
(
δab − kˆakˆb
)
t1
(
k2
)
+ kˆakˆb t2(k
2) + iεabcSct3(k
2) + iεabckˆc~S · ~kt4(k2)
+
[
kˆa
(
~k × ~S
)
b
+ kˆb
(
~k × ~S
)
a
]
t5(k
2) +
(
~Q · ~ˆk
) [(
δab − kˆakˆb
)
t6(k
2) + kˆakˆbt7(k
2)
]
+Qabt8(k
2) +
(
Qakˆb +Qbkˆa
)
t9
(
k2
)
+ i
(
Qakˆb −Qbkˆa
)
t10(k
2). (11)
The quantities ti(k
2), i = 1 - 10, are real structure functions, which are bilinear combi-
nations of threshold electromagnetic form factors which will be defined in the next section.
The symmetrical part of the tensorH
(t)
ab determines the differential threshold cross section
for the scattering of unpolarized electrons (by polarized and unpolarized deuterons), and the
antisymmetrical part characterizes the scattering of longitudinally polarized electrons.
B. Amplitude analysis
Taking into account the P -invariance of the hadronic electromagnetic interaction, the
following threshold multipole transitions for γ∗ + d→ d+ P 0 are allowed:
E1ℓ, E1t and M2→ J P =∞−,
13
where J and P are respectively the total angular momentum and parity of the γ∗d system.
Therefore, threshold P 0-electroproduction is characterized by two transitions with absorp-
tion of electric dipole virtual photons (with longitudinal ℓ and transverse t polarizations) and
one transition with absorption of magnetic quadrupole (transverse only) virtual photons.
The threshold amplitude of the process γ∗ + d → d + P 0 can be parametrized in the
following way:
Fth =
(
~e · ~D1 × ~D∗2 − ~e · ~ˆk ~D1 × ~D∗2 · ~ˆk
)
f1t(k
2) (12)
+~e · ~ˆk ~D1 × ~D∗2 · ~ˆkf1l(k2)
+
(
~e× ~ˆk · ~D1 ~ˆk ~·D∗2 + ~e× ~ˆk ~·D∗2 ~ˆk · ~D1
)
f2(k
2),
where ~e is the polarization of the virtual γ-quantum.
The form factor f1t(k
2) [f1ℓ(k
2)] describes the absorption of electric dipole virtual photons
with transverse [longitudinal] polarization and the form factor f2(k
2), the absorption of a
magnetic quadrupole γ-quantum. They have the same fundamental meaning as the elastic
electromagnetic form factors of the deuteron.
Generally they are complex functions of k2, due to the unitarity condition (Fig. 2) in
the variable s ( with a n+p system in an intermediate state with both nucleons on the mass
shell). But their relative phases have to be equal to 0 or π, as a result of T -invariance of
hadron electrodynamics (theorem of Christ and Lee [46]). In general, they depend also on
the s variable, so that fi(k
2)→ fi(k2, s).
In order to have a full reconstruction of the spin structure for γ∗ + d → d + P 0,
polarization measurements are necessary. A simple one is the tensor polarization of the
scattered deuteron (or the tensor analyzing power using a polarized deuteron target).
After summing over the polarization states of the final deuterons the following expressions
can be obtained for the threshold SF
′
s t1 - t10 in terms of the electromagnetic threshold
form factors f1t(k
2), f1ℓ(k
2) and f2(k
2) :
3t1(k
2) = 2
(∣∣∣f1t(k2)∣∣∣2 + ∣∣∣f2(k2)∣∣∣2
)
,
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3t2(k
2) = 2
∣∣∣f1ℓ(k2)∣∣∣2 ,
t3(k
2) = −1
2
R⌉ {∞ℓ(‖∈) ({∞⊔(‖∈) + {∈(‖∈))∗ ,
t4(k
2) = −1
2
∣∣∣f1t(k2)− f2 (k2)∣∣∣2 + 1
2
R⌉ {∞ℓ ({∞⊔(‖∈) + {∈(‖∈))∗ ,
t5(k
2) = −1
2
Im {∞ℓ(‖∈) ({∞⊔(‖∈) + {∈(‖∈))∗ ,
3t6(k
2) = −4R⌉ {∞⊔(‖∈){∗∈ (‖∈) ,
3t7(k
2) =
∣∣∣f1t(k2)− f2(k2)∣∣∣2 − 2R⌉ {∞ℓ(‖∈) ({∞⊔(‖∈) + {∈(‖∈))∗ ,
3t8(k
2) =
∣∣∣f1t(k2)− f2(k2)∣∣∣2 ,
3t9(k
2) = −
∣∣∣f1t(k2)− f2(k2)∣∣∣2 +R⌉ {∞ℓ(‖∈) ({∞⊔(‖∈) + {∈(‖∈))∗
3t10(k
2) = −Im {∞ℓ(‖∈) ({∞⊔(‖∈) + {∈(‖∈))∗ . (13)
This a strong simplification compared to the 41 real SF’s, depending on 13 complex ampli-
tudes, which are necessary in the general case.
The SF t5(k
2) is related to the asymmetry of unpolarized electrons scattered by a vector
polarized deuteron target (with polarization orthogonal to the electron scattering plane),
while the SF h10(k
2) is related to the asymmetry of longitudinally polarized electrons scat-
tered by a deuteron target with tensor polarization. These two SF
′
s are determined by the
interference of the longitudinal (f1ℓ(k
2)) and both transverse (f1t and f2) form factors of the
threshold transition γ∗ + d → d + P 0. They define the T-odd polarization observables and
must vanish if the relative phase of the longitudinal and transverse form factors is equal to
0 or π [46]. A dedicated experiment at SLAC [47] for the search of T-odd asymmetry of
unpolarized electrons (and positrons) by a polarized proton target - with negative result -
remains the best test of T-invariance in hadron electrodynamics (at moderate energies). No
similar experiments have been done with a polarized deuteron target but an attempt [48] to
detect a nonzero vector deuteron polarization in elastic ed-scattering has been tried, with a
negative result too.
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From the expressions, obtained for the SF
′
s in terms of the corresponding threshold form
factors, one can find an optimal strategy for performing a full experiment on P 0-meson elec-
troproduction on deuteron near threshold. One must first perform a Rosenbluth separation
for the differential cross section of unpolarized electron scattering by an unpolarized target,
which allows to find the structure functions t1(k
2) and t2(k
2). These SF
′
s determine the
total cross sections for the absorption of virtual photons with transverse and longitudinal
polarizations. It is straightforward then to deduce, from the longitudinal structure func-
tion t2(k
2), the k2-dependence of the form factor f1ℓ(k
2) - for absorption of electric dipole
longitudinal virtual photons.
The transverse structure function t1(k
2) contains the contributions of both transverse
electromagnetic form factors, namely |f1t|2 and |f2(k2)|2. If we interchange the transverse
and longitudinal structure functions, we have a situation similar to elastic ed-scattering :
for elastic ed-scattering the transverse structure function contains only the contribution of
the magnetic form factor, so its k2-dependence can be found directly (after a Rosenbluth
fit), but the longitudinal structure function contains the contributions of the charge and
quadrupole electromagnetic form factors of deuteron. To separate these contributions it is
necessary to measure the tensor polarization of scattered deuterons or the tensor analyzing
power [49]. From this we can conclude that the measurement of the tensor polarization
of the final deuteron in e + d → e + d + P 0 near threshold, will allow to separate the
contributions due to f1t(k
2) and f2(k
2).
This procedure, however, does not give the sign of the threshold form factors. For elastic
ed-scattering, using the well known values of the static electromagnetic characteristics of
the deuteron : its electric charge, magnetic and quadrupole moments, it is possible to
extrapolate the sign step by step for any values of the momentum transfer square k2. We
can use the same method for γ∗ + d → d + P 0, using at k2 = 0 the signs of the amplitude
for γ + d → d + P 0 which can be deduced, in principle, from the signs of the threshold
amplitudes for the elementary processes γ +N → N + P 0.
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We can also find the sign of the f1t(k
2), f1ℓ(k
2) and f2(k
2) form factors at any value k2
by using their relation with the form factors of the γ∗+N → N +P 0 reactions at threshold.
The matrix element for S-wave P 0-meson production on a nucleon can be parametrized in
terms of two form factors, namely :
F(γ∗N → NP ′) = χ+∈ [(~σ ·~⌉ −~⌉ ·∧~‖ ~σ · ∧~‖){⊔(‖∈) + {ℓ(‖∈)~⌉ ·∧~‖ ~σ · ∧~‖]χ∞, (14)
where χ1 and χ2 are the two component spinors of the initial and final nucleons ; ft(k
2) and
fℓ(k
2) are the threshold electromagnetic form factors, corresponding to the absorption of
electric dipole virtual photons with transverse and longitudinal polarizations. At k2 = 0,
fℓ(0) = 0 and ft(0) = E0+ is the threshold electric dipole amplitude for γ + N → N + π
(with real photons).
In the framework of the IA (Fig. 3) the form factors f1t(k
2), f1ℓ(k
2) and f2(k
2) for
γ∗ + d→ d+ P 0 can be directly related to the form factors fℓ(k2) and ft(k2) for γ∗ +N →
N + P 0.
IV. IMPULSE APPROXIMATION
The most conventional starting point of possible mechanisms for pion electroproduction
on the deuteron is the IA . This is, for example, the main mechanism in the region of ∆-
excitation, where the rescattering effects for γ + d→ d+ π0 are negligible [10,11]. A special
attention has to be devoted to the threshold region, for γ(γ∗) + d → d + π0, in particular
for pion electroproduction in S-state where the rescattering effects may play an important
role. Nevertheless, it is possible to show, in a model independent way, using only the Pauli
principle, that the main rescattering contribution due to the following two step process:
γ + d → p + p + π−(and n + n + π+) → d + π0 vanishes, when the two nucleons in the
NNπ-intermediate state are on mass shell. We plan to discuss this problem in a separate
paper.
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A. Isospin structure of the γ∗ + d→ d+ P 0 and γ∗ + d→ p+ n+ P 0 reactions
As it is well known, isospin is not conserved in electromagnetic interactions of hadrons,
but the hadron electromagnetic current has definite transformation properties relative to
isospin symmetry. In general, this current contains an isoscalar and an isovector components.
The isotopic spin of deuteron is equal to zero, therefore the amplitude of the γ∗+d→ d+π0
process is defined by the isovector part of the electromagnetic current only. On the other
hand the amplitude of the γ∗ + d→ d+ η reaction is defined by its isoscalar part.
If the amplitude of the γ + N → N + η reaction (with real photons) is driven in the
near threshold region by the S11(1535) contribution, which is dominated by the isovector
part, then the amplitude of F (γd → dη) must be small. However the first γd → dη
experiment found a very large cross section [26]. During seventeen years any attempt to
resolve this contradiction in the framework of quark models and multipole analyses of the
γ∗N → πN reaction, taking into account effects like rescattering, were unsuccessful. A
dedicated experiment [27] with a tagged photon beam, found that the main contribution to
the d(γ, η)X reaction is due, in fact, to the inelastic deuteron break-up γ + d→ η + n + p.
In this process, the isovector nature of the transition γ + N → S11(1535) results in the
production of a (np)-system with isotopic spin I = 1. Therefore, near the threshold of the
γ+d→ η+n+p reaction, it must be produced in a singlet state with J = ′. This simplifies
drastically the spin structure of the amplitude of the γ+d→ d∗+η , d∗ = (n+p)J=′ process
since its coherent part must be determined essentially by the isovector (i.e. large) part of
the elementary γ +N → N + η process (in the framework of IA, (Fig. 4)).
In general, the amplitude for γ + d → n + p + P 0 (Fig. 5) contains an isoscalar and an
isovector part :
F (γd→ npP 0) = Fd(t)F (γp→ pP 0)− Fd(u)F (γn→ nP 0), (15)
where Fd is a generalized deuteron form factor, the variables t and u are the virtual p and
n four-momentum squared. The minus sign in Eq. (15) is the consequence of the specific
isotopic structure of the d→ p∗ + n and d→ n∗ + p vertices (with one virtual nucleon N∗).
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At threshold the u and t variables are equal: u0 = t0 = m
2 −m2p
m
2m+mp
(in the limit:
M = 2m, m is the nucleon mass ). Above threshold u and t are no longer equal.
Rewriting Eq. (15):
F (γd→ npP ) = 1
2
[Fd(t) + Fd(u)]
[
F (γp→ pP 0)− F (γn→ nP 0)
]
(16)
+
1
2
[Fd(t)− Fd(u)]
[
F (γp→ pP 0) + F (γn→ nP 0)
]
,
it is possible, by changing the variables u and t to control the relative role of the isoscalar
and isovector contributions.
As mentioned above, the isotopic structure of the threshold amplitudes for γ + N →
N + π0 is a very actual problem. Both coherent processes, γ + d → d + π0 and γ + d →
d∗ + π0, are sensitive to this structure but the F (γp → pπ0) and F (γn→ nπ0) amplitudes
contribute differently to these processes. Therefore, the ratio of their cross sections near
threshold will be essentially sensitive to the (small) E0+ electric dipole absorption amplitude
in γ + n → n + π0. This ratio can be calculated using the existing experimental value for
γ + p → p + π0 [6]: E0+(γp → pπ0) = (−1, 32 ± 0.05 ± 0, 06) e
mπ
10−3 and the theoretical
predictions for γ + n → n + π0. For example, using the ChPT value as calculated in [7]:
E0+(γn→ nπ0) = 2.13 e
mπ
10−3 one would get:
R =
σ(γd→ d∗π0)
σ(γd→ dπ0) =
|S|2
|V |2 =
|1.32 + 2.13|2
|1.32− 2.13|2 ≃ 18. (17)
If instead of ChPT predictions for γ + n → n + π0 we had taken dispersion relations
calculations [8], we would get R ≃ 373. We should notice that the dispersion relation
calculation for neutron seems to be less stable than the one for proton. In any case these
very large variations emphasize the large sensitivity of R to the isotopic structure of the
γ +N → N + π0 amplitudes.
Besides the real photon point, the k2-dependence of E0+ for both the γ
∗ + p → p + π0
and γ∗ + n→ n + π0 reactions is also very interesting [51,52].
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B. Relationship between the γ∗ + d→ d+ P 0 and γ∗ +N → N + P 0 amplitudes
In the framework of IA (Fig. 3), the matrix element M(γ∗⌈ → ⌈P ′) for the γ∗ + d →
d + P 0 process can be written:
M = 2
∫
d3~pT ∇ϕ+
(∣∣∣∣∣~√+ ∞△ ~Q
∣∣∣∣∣
)
∧Fϕ
(∣∣∣∣∣~√− ∞△ ~Q
∣∣∣∣∣
)
, (18)
~Q = ~k − ~q, 2~p = ~p1 − ~p2 + 1
2
~Q,
where ~P1 = ~p1+ ~p2, ~P2 = ~p1
′
+ ~p2 , and ~k+ ~p1 = ~q+ ~p1
′
(the notation is explained in Fig. 3),
F (γN → NP 0) = χ+2 Fˆ χ1,
Fˆ =
(
~σ · ~K + L
)
/2 (19)
and ~K, L are the spin-dependent and spin-independent contributions to the matrix Fˆ .
For the deuteron wave function we shall use the following representation, which takes
into account the S- and D-waves in the np-system :
ϕ(~p) =
1
(2π)
3
2
∫
d3~re−i~p~rϕ(r), (20)
ϕ(r) =
1√
4π

~σ · ~Du(r)
r
+
w(r)√
2r

3~σ · ~r ~D · ~r
r2
− ~σ · ~D



 iσ2√
2
,
where u(r) and w(r) are the standard wave functions of the S- and D-states in deuteron.
Expression (18) is particularly convenient to establish the spin structure of the amplitude
of the γ∗+ d→ d+P 0 process. Since in general the amplitudes ~K and L (for the processes
γ∗ + N → N + P 0) depend on the integration momentum ~p in (18), the wave functions
u and w of the initial and final deuteron will not depend on the same variable. Indeed,
due to the nonlocality of γ∗N → NP 0 vertex, the coordinates ~r and ~r′ of the initial and
final deuterons do not coincide. However, choosing the ~K and L amplitudes at a particular
value of the internal momentum ~p1, Fˆ can be taken outside the integration symbol. This
allows to express the quantityM in terms of a definite combination of deuteron form factors,
multiplied by the isovector (isoscalar) amplitudes for the γ∗+N → N+π0 (γ∗+N → N+η)
reaction (factorization hypothesis).
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This procedure is usually justified by a rapid fall-off of ϕ(|~p)| when |~p| increases and by
a (relatively) weak dependence of the ~K and L amplitudes on |~p|.
After some transformations, Eq (18) becomes:
M(γ∗⌈ → ⌈P ′) = ~D1 ~D∗2LˆF1( ~Q2) + 2
(
3 ~D1 · ~ˆQ ~D∗2 · ~Q− ~D1 · ~D2
)
LˆF2( ~Q2)
+i ~ˆK · ~D1 × ~D∗2
(
F3( ~Q2) + F4( ~Q2)
)
− 3i ~ˆK · ~ˆQ ~ˆQ · ~D1 × ~D∗2F4( ~Q2), (21)
with ~ˆQ =
(
~k − ~q
)
/|~k − ~q|, where ~ˆK and Lˆ are the values of ~K and L for a definite value of
~p1 (see below).
The generalized deuteron form factors Fi( ~Q2) are defined by :
F1( ~Q2) =
∫ ∞
0
dr j0
(
Qr
2
) [
u2(r) + w2(r)
]
,
F2( ~Q2) =
∫ ∞
0
dr j2
(
Qr
2
) [
u(r)− w(r)√
8
]
w(r),
F3( ~Q2) =
∫ ∞
0
dr j0
(
Qr
2
) [
u2(r)− 1
2
w2(r)
]
, (22)
F4( ~Q2) =
∫ ∞
0
dr j2
(
Qr
2
)[
u(r) +
1√
2
w(r)
]
w(r),
j0(x) =
sin x
x
, j2(x) = sin x
(
3
x3
− 1
x
)
− 3cosx
x2
.
The combinations of the deuteron wave functions u(r) and w(r) in Fi( ~Q2) define the charge,
the magnetic and quadrupole form factors of the deuteron. The fourth form factor F4 in
Eq. (22) is associated with a nonconservation of the current of the transition d → d + π0,
due to the specific structure of the triangle diagram contribution.
The calculated form factors, Fi( ~Q2), using Bonn [53] and Paris [54] deuteron wave func-
tions, are shown in Fig. 6.
The quantity ~Q2 characterizes the value of the four-momentum transfer squared t in the
γ∗ + d→ d+ P 0 reaction,
t = (k − q)2 = 2M
(
M −
√
M2 + ~Q2
)
,
so that t ≡ − ~Q2, when
∣∣∣~Q∣∣∣≪M .
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Obviously, the structure of the γ∗ + d → d + P 0 amplitude, Eq. (21), is not the most
general one, even in the case of arbitrary values of ~K and L and deuteron form factors Fi( ~Q2).
Let us consider first the general spin structure of the amplitude for γ∗+N → N+P 0 process :
M(γ∗N → Nπ) = χ†2Fχ1,
F = i~e · ~ˆk × ~ˆqf1 + ~σ · ~ef2 + ~σ · ~ˆk ~e · ~ˆqf3 + ~σ · ~ˆq ~e · ~ˆqf4 (23)
+~e · ~ˆk(~σ · ~ˆkf5 + ~σ · ~ˆqf6),
where fi = fi(s1, t, k
2) are the scalar amplitudes for γ∗ +N → N + P 0, so that
L = if1~e · ~ˆk × ~ˆq,
~K = ~e · f2 + ~ˆk
(
~e · ~ˆqf3 + ~e · ~ˆkf5
)
+ ~ˆq
(
~e · ~ˆqf4 + ~e · ~ˆkf6
)
. (24)
Comparing the expression (21) for the amplitude M(γ∗d → dP 0) in IA with the general
spin structure of the amplitude one can establish a definite connection between both sets of
scalar amplitudes, namely gi, i = 1−13, for γ∗+d→ d+P 0 (on one side) and fk, k = 1−6,
for γ∗ +N → N + P 0 (on another side). Their exact relations are given below:
g1 = −g3 = sin θ(f3 + cos θf4)
(
F3
(
~Q2
)
+ F4
(
~Q2
))
−3Qk (Qmf2 +Qk sin θf3 +Qq sin θf4)F4
(
~Q2
)
,
g2 = −g4 = −(f2 + sin2 θf4)
(
F3
(
~Q2
)
+ F4
(
~Q2
))
+3Qm (Qmf2 +Qk sin θ +Qq sin θf4)F4
(
~Q2
)
,
g5 = sin θf1
[
F1
(
~Q2
)
+ 2F2
(
~Q2
) (
3Q2m − 1
)]
,
g6 = sin θf1
[
F1
(
~Q2
)
− 2F2
(
~Q2
)]
,
g7 = sin θf1
[
F1
(
~Q2
)
+ 2F2
(
~Q2
) (
3Q2k − 1
)]
,
g8 = 6 sin θQmQkf1F2
(
~Q2
)
− f2
(
F3
(
~Q2
)
+ F4
(
~Q2
))
,
g9 = 6 sin θQmQkf1F2
(
~Q2
)
+ f2
(
F3
(
~Q2
)
+ F4
(
~Q2
))
,
g10 = −g12 = (f2 + f3 cos θ + f4 cos2 θ + f5 + f6 cos θ
(
F3
(
~Q2
)
+ F4
(
~Q2
))
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−3Qk[Qk(f2 + f3 cos θ + f5) +Qq(cos θf4 + f6)]F4
(
~Q2
)
,
g11 = −g13 = − sin θ(cosθf4 + f6)[F3
(
~Q2
)
+ F4( ~Q
2)] + 3Qm[Qk(f2 + cos θf3 + f5) +
Qq(cos θf4 + f6)F4
(
~Q2
)
,
where Qm = ~ˆQ · ~ˆm, Qk = ~ˆQ · ~k, Q2m + Q2k = 1, Q2m = sin2 θ
~q2
|~k − ~q|2 , and θ is the P
0-meson
production angle in CMS of γ∗ + d→ d+ P 0 process.
Note that the relations g1 + g3 = g2 + g4 = g10 + g12 = g11 + g13 = 0, which are correct
for any amplitude fk, result from the factorization hypothesis.
Neglecting the D-wave contribution, we can predict that the following ratios:
(
H(0)xx −H(0)yy
)
/
(
H(0)xx +H
(0)
yy
)
0
=
(
|f3|2 + |f4|2 − |f1|2 − |f2|2
)
/
(
|f1|2 + |f2|2 + |f3|2 + |f4|2
)
,
(
H(0)zz
)
/
(
H(0)xx +H
(0)
yy
)
0
=
(
|f5|2 + |f6|2
)
/
(
|f1|2 + |f2|2 + |f3|2 + |f4|2
)
, (25)
which do not depend on deuteron form factors and therefore on the deuteron structure.
C. Threshold π0 electroproduction within the impulse approximation
At threshold the L and ~K amplitudes for γ∗ +N → N + P 0 reduce to:
~K = ft
(
~e− ~ˆk~e · ~ˆk
)
+ fℓ~ˆk~e · ~ˆk, L = 0,
where fℓ(k
2) and ft(k
2) are the threshold form factors for γ∗+N → N+π0, corresponding to
absorption of electric dipole virtual photons with longitudinal and transverse polarizations.
Taking into account the fact that, at threshold, ~ˆQ = ~ˆk, one obtains the following form
factors for γ∗ + d→ d+ π0, which are correct in the framework of the IA :
f1t(k
2) = ft(k
2) (F3 + F4) , f1ℓ(k
2) = fℓ(k
2) (F3 − 2F4) , f2(k2) = 0,
i.e. the magnetic quadrupole form factor f2(k
2) is equal to zero in this approximation,
independently of the deuteron structure.
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V. MODEL FOR γ∗ +N → N + π0
In order to calculate the scalar amplitudes gi, i = 1−13, for the γ∗+d→ d+π0 process
in framework of IA , it is necessary to know the ~Q2-dependence of the deuteron form factors
Fj(Q
2), j = 1 − 4, from one side, and the elementary amplitudes fk, k = 1 − 6, for the
process γ∗ + N → N + π0, from another side. In order to calculate the isovector part of
the amplitudes fk for γ
∗ + N → N + π0, we shall use the effective Lagrangian approach-
with a standard set of contributions (Fig. 7). Such model has successfully reproduced the
experimental data [55], for the process e + p → e + p + π0 in the following kinematical
conditions: 1.1 ≤ W ≤ 1.4 GeV and −k2 = 2.8 and 4.0 (GeV/c)2, in the whole domain
of cos θπ and azymuthal angle φ. The main ingredients of this calculation were the s- and
u-channel contributions of N and ∆, with particular attention to the ’off-shell’ properties
of the ∆−isobar. The comparison with the experimental data allowed to determine the
following values of the electromagnetic form factors for the γ∗ + p→ ∆+ transition:
G∗M/3Gd, Gd = (1− k2/0.71 GeV2)−2, REM = E1+/M1+, RSM = S1+/M1+,
whereM1+, E1+ and S1+ denote the magnitude of the magnetic dipole, electric (transversal)
quadrupole and Coulomb (longitudinal) quadrupole amplitudes or transition form factors
for the γ∗ +N → ∆ excitation. In our analysis we will use the two following results of the
experiment [55]:
• The magnetic dipole form factor G∗M(k2) dominates, i.e. the ratios REM and RSM are
small (in absolute value);
• The magnetic dipole form factor G∗M decreases with −k2 faster than the dipole formula.
We parametrize the inelastic magnetic form factor G∗M(k
2) ≡ G(k2) for the N → ∆
electromagnetic transition with the help of the following formula:
G(k2) =
G(0)Gd(k
2)
(1− k2/m2x)
.
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Using the last experimental data about the ratio G(k2)/3Gd we find m
2
x = 5.75 (GeV/c)
2,
in agreement with previous estimates [56].
Note in this connection, that the new JLab data [57] about the electric proton form
factor GEp(k
2) show also a deviation from the dipole formula, with a similar value of the
parameter mx.
In order to calculate the amplitudes fi, i = 1, ..6, for the elementary processes e
−+N →
e− + N + π0, N = p or n, we will use a model similar to [58] but with the following
modifications:
• we introduce a term describing the exchange of ω-meson in the t−channel;
• the s-channel contribution of the ∆ isobar is parametrized in such a form to avoid any
off-mass shell effects (such as the admixture of 1/2± or 3/2− states).
• the u−channel of the ∆−isobar is neglected.
In order to justify the last option, let us note the essential difference between the
u−channel contributions of N and ∆. The necessity to introduce the u-channel contri-
bution from the proton exchange in the process γ∗ + p → p + π0 is dictated by the gauge
invariance of the electromagnetic interaction. As a byproduct, it derives the crossing sym-
metry for the resulting s + u proton exchange. In case of ∆-exchange, there is a different
situation with respect to the above mentioned symmetry properties: the gauge invariance
and the crossing symmetry. Due to the non-diagonality of the electromagnetic transition
γ∗ + N → ∆, it is possible to parametrize this vertex in a gauge invariant form indepen-
dently from the virtuality of the ∆. Therefore, the ∆-contribution only in the s-channel, is
gauge invariant, independently from the u-channel ∆-contribution. This means that for the
∆-contribution there is no direct connection between the gauge invariance and the crossing
symmetry, as for the proton exchange. Moreover, even the ∆-contribution in s− and u-
channels simultaneously will not induce crossing symmetry. Namely due to the presence of
the ∆-pole in the physical region of s-channel, it is necessary to introduce the ∆−width in
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the corresponding propagator- with resulting complex amplitudes, whereas the u−channel
∆-contribution is characterized by real amplitudes. It turns out that we do not have ex-
act crossing symmetry for the ∆-contributions, even for the sum of u-and s diagrams with
∆-exchange.
We will consider only the s− channel ∆-contribution. In order to avoid problems with
off-mass shell effects, we write the matrix element for the ∆-contribution following the two-
component formalism for the description of the spin structure of both vertices, ∆→ N + π
and γ∗ +N → ∆. Therefore we can write:
γ +N → ∆ : ~e× ~k · ~χ†Iχ1, M1 transition, only!
∆→ N + π : χ†2I~χ · ~q,
where I is the identity matrix. Each component of the vector ~χ is a 2-component spinor,
satisfying the condition ~σ · ~χ = 0, in order to avoid any spin 1/2 contribution. Using for the
∆ density matrix the following expression:
ρab =
2
3
(δab − i
2
ǫabcσc),
we can write the matrix element for the ∆-contribution in the CMS of γ∗+N → N + π0 as
follows:
M∆ = eG(k
2)|~q|
M2∆ − s− iΓ∆M∆
χ†2(2i~e · ~ˆk × ~ˆq + cosθπ~σ · ~e− ~σ · ~ˆk~e · ~ˆq)χ1
√
(E1 +m)(E2 +m),
(26)
where M∆ (Γ∆) is the mass (width) of ∆.
The following ∆ contributions to the scalar amplitudes, fi∆, i = 1− 6, can be derived:
f1∆ = 2Π(s, k
2),
f2∆ = cos θπΠ(s, k
2),
f3∆ = −Π(s, k2), (27)
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f4∆ = f5∆ = f6∆ = 0,
where we use the notation:
Π(s, k2) =
G(k2)|~q|
M2∆ − s− iΓ∆M∆
.
The normalization constant G(0) can be deduced from the value of the total cross section
for the reaction γ + p→ p+ π0 (with real photons) at s =M2∆:
σT (γp→ pπ0) = α
2
G2(0)
|~q|3
|~k|
(E1∆ +m)(E2∆ +m)
M4∆Γ
2
∆
,
where
E1∆ =
M2∆ +m
2
2M∆
, E2∆ =
M2∆ +m
2 −m2π
2M∆
,
|~k| = M
2
∆ −m2
2M∆
, |~q| =
√
E22∆ −m2.
Using the spin structure of the resonance amplitude (27), we obtain the following structure
for the resonance contribution to the matrix element of the process γ∗ + d→ d+ π0:
M∆(γ∗d→ dπ) = 1
2
Π(s, k2)
{
2 sin θ~e · ~ˆn
[
F1
(
~Q2
)
~D1 · ~D2∗ + F2
(
~Q2
)
(3 ~D1 · ~ˆQ ~D2∗ · ~ˆQ− ~D1 · ~D2∗)
]
+
[(
~e · ~ˆm ~ˆm · ~D1 × ~D2∗ + ~e · ~ˆn ~ˆn · ~D1 × ~D2∗
)
cos θ − ~e · ~ˆq ~ˆk · ~D1 × ~D2∗
] (
F3
(
~Q2
)
+ F4
(
~Q2
))
−3 cos θF4
(
~Q2
)
~e · ~ˆm ~ˆQ · ~D1 × ~D2∗Qm + 3F4
(
~Q2
)
~e · ~ˆq ~Q · ~D1 × ~D2∗Qk
}
.
Taking into account only the S-wave component of the deuteron wave function it is possible
to predict the θ− dependence for the simplest polarization observables for γ∗+ d→ d+ π0:
(
H(0)xx −H(0)yy
)
/
(
H(0)xx +H
(0)
yy
)
= −3 sin
2 θ
3− 2 cos2 θ , H
(0)
xz = H
(0)
zz = 0.
and in the case of tensor polarized deuterons :
(
H(2)xx +H
(2)
yy
)
/
(
H(0)xx +H
(0)
yy
)
0
= −Qzz cos
2 θ
4 (3− 2 cos2 θ) ,(
H(2)xx −H(2)yy
)
/
(
H(0)xx +H
(0)
yy
)
0
= (Qxx −Qyy) cos
2 θ
4 (3− 2 cos2 θ) .
For comparison, note that in the case of the process e+ p→ e+ p+ π0 we have (for an
unpolarized proton target):
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(
H(0)xx −H(0)yy
)
/
(
H(0)xx +H
(0)
yy
)
= − 5 sin
2 θ
5− 3 cos2 θ .
The matrix element Mω for the ω-exchange in γ∗ +N → N + π0 can be written in the
following form:
Mω = gωGω(k
2)
mω(t−m2ω)
ǫµνρσeµkνqσu(p2)
[
γρ − κω
2m
σρβ(k − q)β
]
u(p1)
The constants κω and gω are fixed by the Bonn potential [53]: κω = 0, g
2
ω/4π = 20. The
VDM suggests the following parametrization for the form factor Gω(k
2):
Gω(k
2) =
Gω(0)
1− k2/m2ρ
.
The value Gω(0) can be fixed by the width of the radiative decay ω → πγ, through the
following formula:
Γ(ω → πγ) = α
24
G2ω(0)
(
1− m
2
π
m2ω
)3
mω,
where BR(ω → π0γ) = Γ(ω → π0γ)/Γω = (8.5 ± 1.5)%, Γω = (8.81 ± 0.09) MeV and
mω = 782 MeV.
Concerning vector meson exchange in e− +N → e− +N + π, it is known [58], that the
vector meson exchange is important for the processes γ + N → N + π, in the considered
region of W . Due to the isovector nature of the electromagnetic current in γ∗+ d→ d+ π0,
the ρ0-contribution to γ∗ + N → N + π0 is exactly cancelled. The VDM parametrization
of the electromagnetic form factors suggested above for the γ∗πω-vertex as to be considered
as a simplified possibility for the space-like region of momentum transfer, where there is no
experimental information. However, in the region of time-like momentum transfer, different
pieces of information exist. Let us mention three of them. The decay ω → π + ℓ+ + ℓ−
[59] allows to measure this form factor in the following region 4mℓ ≤ k2 ≤ (mω − mπ)2,
where mℓ is the lepton mass. The process e
++ e− → π0+ω [60] is driven by the considered
form factor in another time-like region, namely for k2 ≥ (mω + mπ)2. For completeness
we mention the τ− → ντ + π− + ω decay [61]. The presence of the same factor Gω(k2) in
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processes so different as e++ e− → π0+ω and τ → ντ +π−+ω results from the well known
CVC hypothesis (Conservation of Vector Current for the weak semileptonic processes).
Note also that we have taken a ’hard’ expression for the VDM form factor, Gω(k
2),
which is assumed to reproduce at best the structure function A(k2) of elastic ed scattering,
through the calculations of the meson exchange current due to πρ exchange [62]. However
this conclusion is correlated to the properties of the nucleon form factor, especially with
the behavior of the isoscalar electric form factor, GEs = (GEp + GEn)/2. New GEp data
[57] (with large deviation from the previously assumed dipole behavior) will also favor a
hard form factor Gω(k
2) for the good description of the k2 dependence of A(k2) at large
momentum transfer. However a satisfactory description will depend also on the large k2-
dependence of the neutron electric form factors, which will be measured in the next future
up to |k2| = 2 (GeV/c)2 [63]. It is then expected that the different observables in the
processes e + N → e + N + π0 and e + d → e + d + π0 at relatively large momentum
transfer are sensitive to the parametrizations of the form factor Gω(k
2). For example, the
VDM parametrization for Gω(k
2) shows that this form factor is ’harder’ in comparison with
nucleon and N → ∆ form factors. Therefore, in this case, the relative role of ω-exchange
will be essentially increased at large momentum transfer.
VI. RESULTS AND DISCUSSION
In order to test the model for π0 electroproduction on deuterons, we compared our
calculation to experimental data on π0 and π+ photoproduction on proton in the ∆-resonance
region. The angular distributions at different energies of the real photon reproduce quite
well the existing data, a sample of which is shown in Fig. 8. This agreement justifies
the generalization of the model in case of π0-electroproduction on nucleons, e− + N →
e−+N + π0, by introducing the corresponding electromagnetic form factors in the different
photon-hadron vertices (see Fig. 7). Note also, that the resulting electromagnetic current for
the process γ∗+N → N+π0 (with virtual photon) still satisfies the gauge invariance, for any
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parametrization of the electromagnetic form factors, and for any values of the kinematical
variables k2, W and cos θπ. However this model does not satisfy the T-invariance of the
electromagnetic interaction, but here we will consider only T-even observables, such as the
different contributions to the d(e, eπ0)d differential cross section ( with unpolarized particles
in the initial and final states). This problem, which is common to all modern approaches
of pion photo- and electro-production on nucleons, is generally not discussed in the existing
literature.
In the framework of IA , as it was shown before, the deuteron structure is described by by
four inelastic form factors Fi( ~Q
2), i = 1−4, where the argument ~Q2 depends on all the three
kinematical variables, k2, W and cos θπ, which characterize the process γ
∗ +N → N + π:
~Q2 = (~k − ~q)2 = ~k2 + ~q2 − 2|~k||~q| cos θπ,
with
~k2 = k20 − k2, k0 =
W 2 + k2 −m2
2W
,
~q2 = E2π −m2π, Eπ =
W 2 +m2π −m2
2W
.
Fig. 9 illustrates the dependence of the variable ~Q2 on cos θπ at fixed values of k
2 and W ,
at W=1.2 GeV and W=1.137 GeV (which corresponds to Eγ = 220 MeV, see Fig. 8). This
dependence is similar for all values of k2, in the interval |k2| = 0.5÷2.0 (GeV/c)2. Note that
~Q2max ≃ 3 (GeV/c)2 at −k2 = 2 (GeV/c)2 , so, at the same value of four momentum transfer,
the process γ∗ + d → d + π0 is driven by the deuteron form factors at higher momentum
transfer in comparison with elastic ed-scattering.
Comparing Fig. 9 and Fig. 6 (which shows the ~Q2-dependence of the deuteron form
factors, in the interval 0 ≤ ~Q2 ≤ 3 (GeV/c)2), one can see that in the range −k2 = 0.5÷ 2.0
(GeV/c)2, the deuteron form factors are very sensitive to the behavior of the deuteron wave
function calculated in different NN-potentials.
The θπ-dependence of all four contributions to the inclusive d(e, eπ
0)d cross section,
namely Hxx±Hyy, Hzz and Hxz+Hzx, for different values of k2 and W is shown in Figs. 10
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and 11 2. In order to show the relative role of the different mechanisms for the elementary
processes γ∗ + N → N + π ( in the considered kinematical region for the variables k2 and
W ), each picture shows four curves: ∆ contribution only, ∆ + s + u (nucleon diagrams)
and ∆ + s + u ± ω. The calculations are shown for both relative signs of the vector meson
contribution in order to stress the importance of the ω contribution. The positive sign has
been choosen from the comparison with experimental data on γ+p→ p+π0 (real photons).
The ω contribution is important for all the four considered observables, in particular
for the Hxx ± Hyy terms at θπ ≃ 80o; in the case of Hzz the largest sensitivity appears for
backward π0 electroproduction.
The relative role of the absorption of virtual photon with longitudinal and transversal
polarizations depends essentially on the variables k2 and W , with an increase of the ratio
Hzz/(Hxx +Hyy) with −k2. At W=1.2 GeV, where the ∆-contribution (with absorption of
transversal virtual photons) dominates, the relative role of Hzz is weaker in comparison with
Hxx +Hyy. However for −k2 ≥ 1 (GeV/c)2 Hzz exceeds Hxx +Hyy, even in the resonance
region.
The ratio (Hxx−Hyy)/(Hxx+Hyy) is negative (due to the dominance of the transversal ∆
and ω-contributions) and has a ≃ sin2θπ behavior. The longitudinal-transversal interference
contribution, Hxz + Hzx, shows a particular sensitivity to the different ingredients of the
model, with strong θπ-dependence, in the whole considered kinematical domain.
In view of the importance of the ω contribution to all observables for the d(e, eπ0)d pro-
cess, we studied the sensitivity to the choice of the electromagnetic γ∗ωπ-vertex form factor.
For this aim we used two parametrizations, a hard monopole form, G(h)ω (k
2), predicted by
the standard VDM, and a soft dipole form G(s)ω (k
2):
G(h)ω (k
2) =
Gω(0)
1− k
2
m2ρ
, G(s)ω (k
2) =
Gω(0)(
1− k
2
m2ρ
)2 .
2Note that in our normalization, Eq. (2), all components Hab are dimensionless numbers.
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Fig. 12 shows the θπ-dependence of the following ratios:
r±(cos θπ) =
(Hxx ±Hyy)hard − (Hxx ±Hyy)soft
(Hxx ±Hyy)hard + (Hxx ±Hyy)soft
for two different values of k2 (−k2 = 0.5 and 2 (GeV/c)2) andW = 1.137. ForW = 1.2 GeV
(Fig. 13) the largest sensitivity to the choice of the form factor Gω(k
2) appears at forward
angles for π0-production, whereas at W = 1.137 GeV all angles are equally sensitive to this
choice. At the ∆-resonance this sensitivity increases slightly with −k2.
The absolute measurements of the different contributions to the inclusive cross section
for d(e, eπ0)d will help in defining the appropriate k2-dependence of the form factor Gω(k
2).
However , as we can see on Fig. 14, the absolute values of the Hxx ± Hyy contributions,
the shape and absolute values of Hzz and Hxz + Hzx are also sensitive to the existing
NN−potentials, in particular at large k2. In Figs 15, 16, 17 and 18, we illustrate the
behavior of the four observables, for different parametrizations of the following ingredients:
• the deuteron wave function: for the Bonn [53] and Paris [54] potentials,
• the electromagnetic form factors for the γ∗πω-vertex: hard (VDM) and soft (dipole)
parametrizations;
• the electromagnetic form factor of the proton: dipole or a ’softer’ parametrization
based on recent data on the proton electric form factor.
The differences between the different parametrizations increase at large momentum transfer.
The inclusive cross section for d(e, e)π0d is characterized by two contributions, only.
After integration over dΩπ, we have:
Ht(k
2,W ) =
∫ +1
−1
d cos θπ(Hxx +Hyy),
Hℓ(k
2,W ) =
∫ +1
−1
d cos θπHzz.
The three-dimensional plot of Fig. 19 shows the dependence of these inclusive functions, on
k2 and W . The calculation is done here, for the hard form factor Gω, the dipole form factor
GEp and the Bonn deuteron wave function.
32
VII. CONCLUSIONS
We have made a general analysis of coherent pseudoscalar neutral mesons production on
deuterons, e + d → e + d + P 0, which holds for any kinematics of the discussed processes.
Threshold P 0-meson production (at any value of momentum transfer square k2 and for
the minimum value of the effective mass of the produced hadronic system) is especially
interesting due to the essential simplification of the spin structure of the corresponding
amplitudes and to the decreasing number of independent kinematical variables. Another
kinematical region, which is interesting for the process γ∗ + d → d + π0, is the ∆-isobar
excitation on the nucleons.
Coherent P 0-meson production is interesting due to its special sensitivity to the isotopic
structure of the threshold amplitude for the elementary processes γ∗ +N → N + P 0.
The π0-meson electroproduction on the deuteron allows to measure the threshold ampli-
tude for γ∗ + n→ n+ π0, which is important for testing hadron electrodynamics [67].
The η-meson electroproduction on the deuteron could be important for the study of ηN -
and ηd-interactions, in particular after the finding of a strong energy dependence of the cross
section of n+ p→ d+ η process near threshold.
The IA can be considered as a good starting point for the discussion of corrections such
as mesonic exchange currents, isobar configurations in deuteron, quark degrees of freedom,
etc., but rescattering effects will also have to be discussed, in particular for η-production
near threshold.
Using an adequate model for the elementary processes of π0-electroproduction on nucle-
ons, e− +N → e− +N + π0, which satisfactorily reproduces the angular dependence of the
differential cross section for the processes γ + p → p + π0 and γ + p → n + π+ (in the ∆-
resonance region), we estimated the four standard contributions to the exclusive differential
cross section for the reaction d(e, eπ0)d as a function of the variables k2,W and θπ. These cal-
culations were done at relatively large momentum transfer square, −k2 = 0.5÷2.0 (GeV/c)2,
where recent data exist. All observables show a large sensitivity to the parametrization of
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electromagnetic form factors, in the considered model. A special attention was devoted to
the study of the effects of soft and hard parametrizations of form factor for the πωγ∗-vertex,
as well as to possible deviation of the proton electric form factor from the dipole fit. More-
over, as it is well known for elastic ed-scattering, we find here, too, a large dependence of all
the observables to the choice of NN−potential. The large sensitivity of the d(e, eπ0)d cross
section to the ω-exchange contribution can be used, in principle, to study the corresponding
electromagnetic form factors in the space-like momentum transfer region.
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Appendix
We present here the expressions for the structure functions h1 − h41 in terms of the scalar
amplitudes g1− g13. The SF’s h1− h5 corresponding to the interaction with an unpolarized
deuteron target can be written as:
3h1 = |g1|2 + |g2|2 + |g3|2 + |g4|2 ,
3h2 = |g5|2 + |g6|2 + |g7|2 + |g8|2 + |g9|2 ,
3h3 = |g10|2 + |g11|2 + |g12|2 + |g13|2 ,
3h4 = R⌉ (}∞}∗∞′ + }∈}∗∞∞ + }∋}∗∞∈ + }△}∗∞∋) ,
3h5 = Im (}∞}∗∞′ + }∈}∗∞∞ + }∋}∗∞∈ + }△}∗∞∋) ,
We derive fhe following expressions for the SF
′
s h6 - h18, which characterize the effects of
the target vector polarization :
h6 = −Im
(
}∈}∗6 − }∋}∗∃ − }△}∗7
)
,
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h7 = Im (} 6}∗∞∞ + } 7}∗∞∋ + }∃}∗∞∈) ,
h8 = R⌉
(
}∈}∗6 − }∋}∗∃ − }△}∗7
)
,
h9 = R⌉ (} 6}∗∞∞ − } 7}∗∞∋ − }∃}∗∞∈) ,
h10 = −2Im }∞}∗∈,
h11 = −2Im (}▽}∗∃ − } 7}∗∀) ,
h12 = −22Im }∞′}∗∞∞,
h13 = −Im (}∞}∗∞∞ − }∈}∗∞′) ,
h14 = R⌉ (}∞}∗∞∞ − }∈}∗∞′) ,
h15 = Im
(
}∞}∗6 − }∋}∗▽ − }△}∗∀
)
,
h16 = Im (}▽}∗∞∈ − } 6}∗∞′ − }∀}∗∞∋) ,
h17 = −R⌉
(
}∞}∗6 − }∋}∗▽ − }△}∗∀
)
,
h18 = R⌉ (}▽}∗∞∈ − } 6}∗∞′ + }∀}∗∞∋) ,
Finally for the SF
′
s h19 - h41, which describe the effects on tensor target polarization, one
obtains :
3h19 = − |g1|2 + |g2|2 + |g7|2 − |g8|2 ,
3h20 = − |g5|2 + |g9|2 ,
3h21 = − |g10|2 + |g11|2 ,
3h22 = −R⌉ (}∞}∗∞′ − }∈}∗∞∞) ,
3h23 = −Im (}∞}∗∞′ − }∈}∗∞∞) ,
3h24 = |g2|2 − |g3|2 − |g4|2 ,
3h25 = |g6|2 + |g7|2 + |g9|2 ,
3h26 = |g11|2 − |g12|2 − |g13|2 ,
3h27 = R⌉ (}∈}∗∞∞ − }∋}∗∞∈ − }△}∗∞∋) ,
35
3h28 = Im (}∈}∗∞∞ − }∋}∗∞∈ − }△}∗∞∋) ,
3h29 = −2R⌉ }∞}∗∈,
3h30 = −2R⌉ (}▽}∗∃ + } 7}∗∀) ,
3h31 = −2R⌉ }∞′}∗∞∞,
3h32 = −R⌉ (}∞}∗∞∞ + }∈}∗∞′) ,
3h33 = Im (}∞}∗∞∞ + }∈}∗∞′) ,
3h34 = −R⌉
(
}∞}∗6 + }∋}∗▽ + }△}∗∀
)
,
3h35 = −R⌉ (}▽}∗∞∈ + } 6}∗∞′ + }∀}∗∞∋) ,
3h36 = −Im
(
}∞}∗6 + }∋}∗▽ + }△}∗∀
)
,
3h37 = Im (}▽}∗∞∈ + } 6}∗∞′ + }∀}∗∞∋) ,
3h38 = −R⌉
(
}∈}∗6 + }∋}∗∃ + }△}∗7
)
,
3h39 = −R⌉ (} 6}∗∞∞ + } 7}∗∞∋ + }∃}∗∞∈) ,
3h40 = −Im
(
}∈}∗6 + }∋}∗∃ + }△}∗7
)
,
3h41 = Im (} 6}∗∞∞ + }∃}∗∞∈ + } 7}∗∞∋) .
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FIGURES
FIG. 1. One-photon exchange mechanism for the process e+ d→ e+ d+ P 0.
FIG. 2. np-intermediate state contribution to the unitarity condition for γ + d → d + η; the
dotted line crosses the particles on mass shell.
FIG. 3. IA diagrams for γ + d→ d+ P 0.
FIG. 4. IA diagrams for the coherent part of the γ + d→ p+ n+ η = γ + d→ d∗ + η process.
FIG. 5. IA diagrams for the incoherent part of the γ + d→ p+ n+ η = γ + d→ d∗ + η process.
FIG. 6. ~Q2-dependence of the deuteron form factors, (see Eq. (22) ) F1 (full line), F2 (dashed
line), F3 (dotted line), F4 (dashed-dotted line). The calculation is based on: (a)- the Paris wave
function; (b) - the Bonn wave function.
FIG. 7. The Feynman diagrams for γ∗ +N → N + π- processes
FIG. 8. The angular dependence of the differential cross sections for the photoproduction pro-
cesses: (a) and (b) - γ∗ + p → p + π0 full stars (open crosses) are data from [65] ( [66]); (c) -
γ∗+p→ n+π+ full stars are data from [64]; the dashed lines are predictions of the present model.
FIG. 9. Dependence of the variable ~Q2 on θπ. The thin (thick) lines correspond to
W = 1.2 (1.137) GeV, −k2=0.5 (GeV/c)2 (full line) −k2=1 (GeV/c)2 (dashed line) −k2=1.5
(GeV/c)2 (dotted line) −k2=2 (GeV/c)2 (dashed-dotted line)
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FIG. 10. θπ-dependence of the different contributions to the exclusive differential cross section
for d(e, eπ0)d, Hxx+Hyy, Hxx−Hyy, Hzz andHxz+Hzx atW=1.137 GeV, for different mechanisms
contributing to the elenmentary process γ∗ + N → N + π0 ∆−contribution only (dotted line),
∆+ s+ u contributions (dashed-dotted line), ∆+ s+ u− ω (dashed line) ∆+ s+ u+ ω (full line)
FIG. 11. Same as Fig. 10, but for W = 1.2 GeV.
FIG. 12. θπ-dependence of the ratio r±(cos θπ) for W = 1.137 GeV, with dipole GEp, and Paris
wave function. The r+ contribution is reported for Q
2=0.5 (GeV/c)2 (full line) and for Q2=2
(GeV/c)2 (dotted line). The r− contribution is reported for Q
2=0.5 (GeV/c)2 (dashed line) and
for Q2=2 (GeV/c)2 (dashed-dotted line).
FIG. 13. Same as Fig. 12, but for W = 1.2 GeV.
FIG. 14. Sensitivity of the four observables to the deuteron wave function, for Paris (full line)
and Bonn(dashed line) potentials.
FIG. 15. θπ dependence of the four observables for different parametrization of the electro-
magnetic form factor of the γ∗πω-vertex and electric form factor of the proton at W=1.137 GeV,
−k2=0.5 (GeV/c)2 and hard form factor Gω: Paris potential and soft GEp (full line), Paris poten-
tial and dipole GEp (line), Bonn Potential and dipole GEp (dotted line), Bonn Potential and soft
GEp (dashed-dotted line).
FIG. 16. Same as Fig. 15, but for soft form factor Gω.
FIG. 17. Same as Fig. 15, but for −k2=2.0 (GeV/c)2 and hard form factor Gω.
FIG. 18. Same as Fig. 15, but for −k2=2.0 (GeV/c)2 and soft form factor Gω.
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FIG. 19. Two-dimensional plot of the −k2 and W -dependences of the longitudinal Hℓ and
transversal Ht contributions to the inclusive differential cross section for d(e, e
′)π0d (Hℓ and Ht
are dimensionless numbers).
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TABLES
d ~d
→
→
d sum
e 4(+) 8(-) 16(+) 28
~e 1(-) 5(+) 7(-) 13
sum 5 13 23 41
TABLE I. Classification of Structure Functions. The sign ± denotes T-even and T-odd SF’s
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